To enhance the photocatalytic activity of TiO 2 , poly-2-aminobenzene sulfonic acid (P2ABSA)-modified TiO 2 nanocomposites were successfully synthesized using an in situ oxidative polymerization method.
Introduction
Semiconductor TiO 2 is an excellent photocatalyst owing to its good photocatalytic activity and stability.
1,2 However, the wide band gap (3.2 eV) of TiO 2 limits its visible light utilization, while its low quantum efficiency (<20%) restricts electron-hole separation, which generates reactive oxygen species (ROS) to degrade organic pollutants. 3, 4 Many approaches, such as metal/ nonmetal doping, noble metal deposition, and dye sensitization, have been attempted to enhance the photocatalytic performance of TiO 2 by improving its photoresponse and quantum efficiency.
5-7
Recently, conducting polymers, such as polyaniline (PANI), polythiophene (PTh), poly-o-phenylenediamine (PoPD), and their derivatives, have been reported as promising modiers for TiO 2 photocatalysts. 8 The modication of TiO 2 with conducting polymers has been explored to extend its visible light response owing to the photosensitization effect between TiO 2 and the conducting polymer. 9 For example, Pandi Muthirulan et al. reported that PoPD/TiO 2 nanocomposites showed high photocatalytic activity in the photodegradation of rhodamine B owing to the photosensitization effect. 10 This modication also enhanced the photocatalytic activity owing to the synergetic effect between TiO 2 and the conducting polymer. Zhang et al. reported that PANI/ TiO 2 nanocomposites exhibited excellent photocatalytic performance in the degradations of methylene blue and rhodamine B owing to the synergetic effect between TiO 2 and PANI.
11
In addition to PANI and PoPD, poly-2-aminobenzene sulfonic acid (P2ABSA) has also been applied to conducting polymer-modied TiO 2 to improve its photocatalytic performance. 12 As a typical conducting polymer, P2ABSA has attracted considerable attention since its discovery. Taking advantage of its unique electrical, optical, and photoelectric properties, the combination of P2ABSA with TiO 2 was expected to induce an interesting charge transfer to enhance the photocatalytic activity of TiO 2 under visible light irradiation. 13 However, this photocatalytic activity enhanced mechanism has not been studied.
14 The photocatalytic process of P2ABSA/TiO 2 involves a primary reaction that generates holes and electrons, and a secondary reaction that generates ROS. 15 Therefore, successfully establishing a quantitative estimate of the contributions of P2ABSA in these primary and secondary reactions is important.
About 15% of total global dye production is lost during the dyeing process and released in textile effluents. 16 The release of those colored waste waters into the ecosystem is a substantial source of non-aesthetic pollution, eutrophication, and perturbation in aquatic life. 17 The photocatalytic degradation of methylene blue (MB), a typical conjugated aromatic dye, was chosen as a model reaction to evaluate photocatalyst activities due to the obvious change to blue during photocatalytic degradation.
18 Meanwhile, identifying the intermediate products and degradation pathways of MB is also an important part of the photocatalytic activity test and photocatalytic mechanism. The main dispute regarding MB degradation is between degradation of the central aromatic ring, as reported by Ammar Houas, and degradation of the methyl substituent on the ambilateral benzene ring, as reported by Muhammad A. Rauf. 19, 20 However, many different degradation pathways for MB have also been reported by Zhou Lincheng, 21 Ma Junjun, 23 and Castro.
22 Therefore, it is important to identify the intermediate products and propose possible MB degradation pathways during the photocatalytic reaction process.
In our studies, P2ABSA/TiO 2 nanocomposites were synthesized using an in situ oxidative polymerization method. The modied photocatalysts were characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), ultraviolet-visible diffuse reectance spectroscopy (UV-vis DRS), and a photocurrent test. The results indicated that P2ABSA was present on the TiO 2 surface, and did not impact the lattice structure and grain size of TiO 2 . The presence of P2ABSA enhanced the visible light response and photoelectric performance. The photocatalytic degradation of MB was chosen as a model reaction to evaluate the photocatalytic activities of TiO 2 and P2ABSA/TiO 2 nanocomposites. The results indicated that the P2ABSA/TiO 2 nanocomposites exhibited higher activities. The apparent rst-order rate constant, k app , for a P2ABSA/TiO 2 ratio of 2 : 1 was 0.0138 min À1 , which was six times higher than that of TiO 2 (0.0021 min À1 ). Meanwhile, the P2ABSA/TiO 2 nanocomposites showed excellent photocatalytic stability, which was dependent on the structural stability. A photocatalytic activity enhanced mechanism has been proposed, accounting for the photosensitization effect and synergetic effect of TiO 2 with P2ABSA. Mass spectroscopy (MS) analysis showed that there were two possible degradation pathways for MB, via degradation of the chromophoric group or degradation of the auxochrome group. . These nanocomposites are referred to as P/T(1/6), P/T(1/5), P/T(1/4), P/T(1/2), P/T(1/1), P/T(2/1) P/T(3/ 1), and P/T(4/1), respectively. To conrm the effect of P2ABAS on the nanocomposites, the P25 TiO 2 nanocomposites were treated using the same procedure without the addition of 2ABSA.
Experimental
P2ABSA was also prepared via in situ oxidative polymerization using the same procedure as above, but without TiO 2 addition.
Characterization
SEM images were obtained on a JSM-6700F cold eld emission scanning electron microscope and used to determine the morphology and aggregation of the photocatalyst.
XRD patterns were recorded on a Bruker D8 Advance X-ray diffractometer with Cu Ka radiation (l ¼ 1.5418Å).
TEM images were obtained on a JEM-2100 transmission electron microscopy operating at 125 kV and used to determine the grain sizes of TiO 2 and P2ABSA/TiO 2 .
XPS measurements were performed using a Thermo ESCA-LAB 250Xi system with an Al Ka X-ray source. All binding energies were referenced to the C1s peak at 284.8 eV, which corresponds to surface adventitious carbon.
UV-vis DRS was performed on a UV-2550PC ultraviolet and visible spectrophotometer with BaSO 4 as the background, ranging from 200 to 800 nm.
The photocurrent test was performed on a CHI660D Versa-STAT. TiO 2 and P2ABSA/TiO 2 nanocomposites were deposited as a lm on a 1 cm Â 1 cm indium-tin-oxide conducting glass to obtain the working electrode. The saturated calomel electrode and a Pt electrode served as the reference and counter electrodes, respectively. The electrolyte was 0.1 mol L À1 NaClO 4 solution.
Photocatalytic activity test
Photocatalytic activities of samples were evaluated based on MB degradation in an aqueous solution under irradiation from a 1000 W xenon lamp (BL-GHX-V photochemical reactions instrument, Fig. 1 ). Aqueous suspensions of MB (30 mL, 40 mg L
À1
) were placed in a quartz tube, and TiO 2 or P2ABSA/TiO 2 nanocomposites (30 mg) were added. Prior to irradiation, the suspensions were magnetically stirred in the dark for 1 h. The suspensions were maintained under constant air-equilibrated conditions before and during illumination. At certain time intervals, 1 mL aliquots were removed and centrifuged to remove any particles. The ltrates were then analyzed by recording variations in the maximum absorption band (664 nm for MB) using the UV-2550PC UV-vis spectrophotometer. This process was repeated ve times to investigate the stability of the nanocomposites.
Results and discussion
3.1 Physicochemical properties of TiO 2 and P2ABSA/TiO 2 nanocomposites 3.1.1 TEM. TEM images of TiO 2 and P2ABSA/TiO 2 nanoparticles are shown in Fig. 2a and b. The grain sizes of both modied and P25 TiO 2 were monodisperse and approximately 30-50 nm in size, indicating that the presence of P2ABSA did not signicantly affect the TiO 2 grain size. The aggregation of both types of particles was caused by a high surface energy. However, agglomeration of the modied nanocomposite was lower than that of the P25 particles. The TiO 2 nanoparticles deposited with P2ABSA avoided agglomeration because the positively charged deposited groups repelled each other. 
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Furthermore, the peaks at 2q values of 27.5 and 77.3 were assigned to the (110) and (215) faces of rutile TiO 2 , respectively. 27 These results indicated that two phases were present in the patterns. Moreover, the P2ABSA/TiO 2 nanocomposites did not cause any change in the peak positions and shapes compared with those observed for TiO 2 , indicating that the presence of P2ABSA did not affect the TiO 2 lattice structure.
3.1.3 XPS. XPS is an important tool for studying the electronic structure of condensed matter and is widely used in quantitative surface analysis. According to the XPS survey spectra of TiO 2 and P2ABSA/TiO 2 ( Fig. 4a and b) , the presence of Ti and O in TiO 2 was conrmed by the two peaks at binding energies of 458.5 and 529.8 eV.
28 Furthermore, the presence of C, O, Ti, N, and S in P2ABSA/TiO 2 were conrmed by the ve peaks at binding energies of 284.8, 529.8, 458.5, 400.3 and 168.7 eV, which were related to C1s, O1s, Ti2p, N1s, and S2p, respectively. 29 The atomic abundances of C, O, Ti, N, and S were 14.1%, 59.06%, 25.11%, 0.95%, and 0.78%, respectively, suggesting that P2ABSA existed on the TiO 2 surface.
3.1.4 UV-vis DRS. UV-vis DRS spectra of TiO 2 , P2ABSA, and P2ABSA/TiO 2 nanocomposites are shown in Fig. 5a . P2ABSA had a high absorption in both the UV and visible light regions. In comparison with TiO 2 , the absorption of P2ABSA/TiO 2 had been extended throughout the visible light range, but had decreased in the UV range. This result indicated that our method was effective for extending the absorption of TiO 2 to the visible light region. As shown in Fig. 5b , the band gap energies (E g ) of modied and P25 TiO 2 , obtained from the wavelength values corresponding to the intersection point of the vertical and horizontal portions of the spectra using hc/l ¼ E g , where E g is the band gap energy, h is Planck's constant, c is the speed of light (m s À1 ), and l is the wavelength (nm), were determined as , respectively, and the distance between the light source and quartz reactor was 7 cm). 2.70 eV and 3.11 eV, respectively. 30 Therefore, the P2ABSA/TiO 2 nanocomposites could be excited to produce more electronhole pairs under visible light illumination, which might result in higher photocatalytic activities.
is a semiconductor with a wide band gap. However, the photocurrent density of the P2ABSA/TiO 2 nanocomposite was approx. 28 mA cm À2 , twice that of TiO 2 . These results conrmed that the presence of P2ABSA improved the photocurrent density of the P2ABSA/TiO 2 photocatalyst. P2ABSA had excellent electrical conductivity to transfer free electrons from the valence band (VB) to the conduction band (CB), demonstrating that P2ABSA/TiO 2 had a higher photocurrent density and photocatalytic performance than TiO 2 . Similar results were also obtained by Liao et al. 31 for a photonic crystal coupled TiO 2 / polymer hybrid for efficient photocatalysis under visible light irradiation. These results proved that the combination of TiO 2 and P2ABSA was an effective way to improve photocatalytic activity.
3.2 Photocatalytic activity and stability 3.2.1 Photocatalytic activity of P2ABSA/TiO 2 nanocomposites. Photocatalytic activity tests were performed by degrading MB in an aqueous solution under irradiation with a 1000 W xenon lamp. MB has a maximum absorption at 664 nm. Fig. 7a shows the degradation of MB in the presence of TiO 2 and P2ABSA/TiO 2 with different initial ratios of 2ABSA to TiO 2 . As shown in Fig. 7b , the kinetics plots show an apparent 33 When the molar ratio of 2ABSA to TiO 2 was low, increasing the molar ratio increased the thickness of deposited P2ABSA on the TiO 2 surface, such that the produced electronhole pairs accumulated under irradiation, enhancing the photocatalytic performance. However, as the molar ratio of 2ABSA to TiO 2 continued increasing, the thickness of deposited P2ABSA on the TiO 2 surface became too thick to inuence the transmission of the produced electrons, resulting in the photocatalytic performance of P2ABSA/TiO 2 nanocomposites decreasing.
3.2.2 Photocatalytic stability of P2ABSA/TiO 2 nanocomposites. Experiments were performed to conrm the photocatalytic stability of the P/T(2/1) nanocomposite, which exhibited good photocatalytic stability under irradiation conditions and maintained its photocatalytic activity aer ve cycles (Fig. 8a) . As explained by Li Xueyan and co-authors 25 in the degradation of phenol with a PANI/TiO 2 nanocomposite, a slight decrease in the photocatalytic activity in each successive cycle was due to the slight aggregation of nanocomposites during the photocatalytic process (Fig. 8b and c) . FT-IR spectra of the P/T(2/ 1) nanocomposite before and aer the reaction were used to explain the stability of the P/T(2/1) nanocomposite (Fig. 8d) . The shapes of the FT-IR spectra before and aer photocatalysis were similar, indicating that the structure of the P/T(2/1) nanocomposite did not change during the photocatalytic process. P2ABSA is very stable and is not chemically transformed into other organic compounds, meaning that the stability of photocatalytic activity was dependent on the structural stability.
Photocatalytic activity enhanced mechanism
Although the photocatalytic activity of the photocatalyst was inuenced by many factors, two key factors were identied from 
the photocatalytic mechanism. In the primary reaction process, TiO 2 is excited under light irradiation to generate electron-hole pairs. In the secondary reaction process, ROS are produced to degrade the organic pollutant. Therefore, the two key factors in the photocatalytic activity were solar absorption and charge separation. For P2ABSA/TiO 2 , as P2ABSA is a photosensitizer, based on its narrow band gap, P2ABSA-modied TiO 2 inserts the energy level of P2ABSA into the energy level of TiO 2 , enhancing its response to visible light. However, the synergetic effect resulting from the good match between the energy levels of TiO 2 and P2ABSA causes P2ABSA/TiO 2 to hinder the recombination of holes and electrons to generate more ROS to degrade MB. Therefore, the mechanism for enhanced photocatalytic activity is based on photosensitization and synergetic effects.
3.3.1 Photosensitization effect that enhances visible light. For a crystalline semiconductor, optical absorption near the band edge can be expressed using the Kubelka-Munk function:
where F(R), E, A, n, and E g are the diffuse absorption coefficient, photon energy, proportionality constant, an integer (n ¼ 1, 2, 4, 6), and band gap, respectively. For TiO 2 , P2ABSA, and P2ABSA/TiO 2 , the relationship between the diffuse absorption coefficient and the band gap energy is described by eqn (2):
In eqn (2), (F(R)E) 1/2 has a linear relationship with E. The n value for the samples was determined to be 4, indicating that the optical transitions of the crystal were indirectly forbidden. 35, 36 Fig. 5b shows the optical band gaps (E g ) of TiO 2 , P2ABSA, and P2ABSA/TiO 2 . The band gap energies for TiO 2 , P2ABSA, and P2ABSA/TiO 2 were determined to be 3.11, 1.61, and 2.70 eV, respectively, indicating that P2ABSA-modied TiO 2 was a better photocatalyst than unmodied TiO 2 owing to P2ABSA acting as a photosensitizer.
The p-p* absorption of P2ABSA is low because the benzene rings are conjugated through an imine linkage and the sulfonyl group is electron-withdrawing. The experimental absorption spectrum for P2ABSA indicated a band gap of 1.61 eV, which was interpreted as excitation to the polaron band. P2ABSA is an Fig. 8 (a) Photocatalytic degradation rate of MB using P/T(2/1) nanocomposite with different recycling times, (b) SEM image of P/T(2/1) nanocomposite before photocatalytic degradation, (c) SEM image of P/T(2/1) nanocomposite after photocatalytic degradation with slight aggregation, and (d) FT-IR spectra of P/T(2/1) before and after photocatalytic degradation.
efficient electron donor and hole transporter upon light excitation. In the P2ABSA and TiO 2 combined system, the response to light ranged from 398 nm (UV) to 459 nm (visible light). Therefore, because of the photosensitization effect of P2ABSA, the P2ABSA/TiO 2 nanocomposites exhibited stronger responses to visible light, and the photocatalytic activity of P2ABSA-modied TiO 2 was enhanced by the improved response to visible light.
3.3.2 Synergetic effect that enhances ROS generation. TiO 2 and P2ABSA in P2ABSA-modied TiO 2 have a synergetic effect on the photocatalytic degradation of MB due to their wellmatched energy levels, with the optimum synergetic effect observed for P/T(2/1). The energy levels of TiO 2 and P2ABSA matched with E (LUMO) > E (CB) > E (HOMO) > E (VB) (where CB represents conduction band, VB represents valence band, LUMO represents lowest unoccupied molecular orbital, and HOMO represents highest occupied molecular orbital). Under irradiation, electrons are excited from the HOMO to the LUMO to the CB. Furthermore, the holes transfer from the VB to the HOMO owing to P2ABSA acting as a hole transporter. Therefore, electrons and holes gather in the CB of TiO 2 and HOMO of P2ABSA, respectively. Meanwhile, the electrons react with O 2 to produce cO 2 À , and the holes react with H 2 O or OH À to produce cOH. These generated ROS (cO 2 À and cOH) are responsible for MB degradation. This Z-scheme photocatalytic mechanism is benecial for enhancing the generation of ROS owing to an increase in the separation efficiency between holes and electrons.
37,38
The synergetic factor (f) was then calculated using the apparent rst-order kinetic expression:
where k C/T is the rst-order rate constant of P2ABSA/TiO 2 , k C is the rst-order rate constant of P2ABSA, k T is the rst-order rate constant of TiO 2 , and [C t ] is the concentration of MB. Therefore, the photocatalytic degradation of MB is inuenced by the degradation of TiO 2 and P2ABSA and the synergy between P2ABSA and TiO 2 . The synergetic factor can be calculated using the following equation:
Based on the mass of TiO 2 being much greater than that of P2ABSA (XPS results in Fig. 4a and b) , and P2ABSA being used as a modier with no obvious photocatalytic activity (k C z 0), f was calculated as follows:
Based on the apparent rst-order kinetic constants for MB degradation in Table 1 , the synergetic factors of the P2ABSA/ TiO 2 nanocomposites were 3.48 for P/T(1/6), 3.86 for P/T(1/5), 4.38 for P/T(1/4), 6 for P/T(1/2), 5 for P/T(1/1), 6 .57 for P/T(2/ 1), 3.48 for P/T(3/1), and 1.38 for P/T(4/1). Therefore, the photocatalytic activities of P2ABSA-modied TiO 2 were enhanced by increased ROS generation.
Intermediate products and degradation pathways of MB
Using UHR-TOF-MS (Bruker Daltonic Inc., USA), the intermediate products of MB degradation were identied. MB exhibits one main band in the visible region with a maximum absorption at 664 nm and a small shoulder at 610 nm owing to the dye dimer. Furthermore, two bands were present in the ultraviolet region at 246 nm and 292 nm. The color of MB is dependent on its chromophoric (N-S conjugated system on central aromatic heterocycle) and auxochrome groups (N-containing groups with lone pair electrons on benzene ring). 40 During the photocatalytic process, the removal of MB includes not only adsorption, but also degradation using the P2ABSA-modied TiO 2 nanocomposites. Based on the coloring mechanism, decolorizing mechanism, and the intermediate products, we proposed two possible photocatalytic degradation pathways for MB. Fig. 10 .
All the intermediate products formed during MB photocatalytic degradation were identied from mass spectra, as shown in Fig. 11 .
Photocatalytic mechanism of P2ABSA/TiO 2 nanocomposites
The basic mechanism of P2ABSA/TiO 2 nanocomposites was well established. TiO 2 nanocomposites are irradiated with UV light to generate electron-hole pairs, which can react with water to yield hydroxyl and superoxide radicals, which oxidize and mineralize the organic molecules. However, the band gap of TiO 2 is 3.11 eV, meaning that only UV light can excite the TiO 2 nanocomposites to generate electron-hole pairs. One solution to overcome this shortcoming was to use a dye with a narrow band gap as a sensitizer to enhance the response of TiO 2 to visible light. P2ABSA has a band gap of 1.61 eV, which is narrower than that of TiO 2 (3.2 eV), showing strong absorption in the region of visible light. Therefore, P2ABSA can function as a photosensitizer for TiO 2 .
When P2ABSA/TiO 2 nanocomposites are illuminated under visible light, both TiO 2 and P2ABSA absorb photons at their interface, where charge separation then occurs. This happens because the CB of TiO 2 and the LUMO of P2ABSA are well matched for charge transfer. Electrons generated by conducting P2ABSA can be transferred to the conduction band of TiO 2 , enhancing charge separation and promoting the photocatalytic ability of the photocatalyst.
The synergetic effect between P2ABSA and TiO 2 on the photocatalytic degradation of MB clearly existed in all the P2ABSA/TiO 2 nanocomposites. An optimum synergetic effect was found in P/T(2/1). The effect of P2ABSA on the activity of the nanocomposites can be explained by its action as photosensitizer (Scheme 1). Doped P2ABSA semiconductive material can absorb visible light irradiation and transfer photogenerated electrons into the CB of TiO 2 . Simultaneously, a positively charged hole can be formed by the electron, transferring from the VB of TiO 2 to the HOMO of P2ABSA. This electron transfer between P2ABSA and the TiO 2 semiconductor, and the enhanced photocatalytic activity of the composites, have been experimentally observed in other systems. 41, 42 The free electrons reacted with O 2 to produce superoxide radicals (cO 2 À ), and the holes (h + ) reacted with OH À and H 2 O to produce hydroxyl radicals (cOH), which are responsible for MB degradation.
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The photocatalytic mechanism of P2ABSA/TiO 2 nanocomposites can be expressed as follows: 
Conclusions
In this study, P2ABSA/TiO 2 nanocomposites were synthesized using an in situ oxidative polymerization method. The modied photocatalysts were characterized by SEM, XRD, TEM, XPS, UVvis DRS, and a photocurrent test. The results indicated that P2ABSA was present on the TiO 2 surface and did not impact the lattice structure and grain size of TiO 2 . The presence of P2ABSA enhanced the visible light response and photoelectric performance. The photocatalytic degradation of MB was chosen as a model reaction to evaluate the photocatalytic activities of TiO 2 and P2ABSA/TiO 2 nanocomposites, with results indicating that P2ABSA/TiO 2 nanocomposites exhibited the higher activity. The apparent rst-order rate constant, k app , of P/T(2/1) was 0.0138 min
À1
, which was six times higher than that of TiO 2 (0.0021 min
). Meanwhile, the P2ABSA/TiO 2 nanocomposites showed excellent photocatalytic stability, which was dependent on the structural stability. A photocatalytic activity enhanced mechanism has been proposed, accounting for the photosensitization effect and synergetic effect of TiO 2 with P2ABSA. Based on the analysis of mass spectra, two possible degradation pathways for MB degradation were identied, via the chromophoric group or the auxochrome group. Our results provide valuable insight into the design of polymer-modied semiconductors with excellent performance and provide a foundation for future industrial applications. 
